High efficiency and low cost thermal insulation energy saving panel materials containing sepiolite nanofibers were developed by means of the synergistic action of inorganic adhesive, curing agent, and hydrogen peroxide. The water soluble sodium silicate was used as inorganic adhesive, and the sodium fluorosilicate was chosen as curing agent. Moreover, appropriate amount of hydrogen peroxide was added in order to decrease the bulk density and improve the heat insulation performance of panel materials. The results showed that the synergistic action of inorganic adhesive, curing agent, and hydrogen peroxide could make thermal insulation energy saving panel materials have low bulk density and high mechanical performance, and the optimal process was as follows: 120 ∘ C of drying temperature, 1.6% of sodium silicate as inorganic adhesive, 12% of sodium fluorosilicate as curing agent in sodium silicate, and 2.5% of hydrogen peroxide. The thermal insulation energy saving panel materials as prepared could arrest heat transmission and resist external force effectively.
Introduction
The external thermal insulation compound system containing organic panel materials and the organic coating have become two of the most common methods of construction energy saving in recent years. The former has disadvantages of cumbersome construction, high cost, narrow construction scope, and hot-bridge formation [1] [2] [3] . Moreover, the organic materials process would not only exacerbate tensions in the energy supply, but also pollute the environment. The coating as thin-layer thermal insulation technique has been used in various regions. For example, space refractive heat insulation coating materials as ceramic coating materials have been developed by scientific and technical personnel in the National Aeronautics and Space Administration to solve the control problems for spacecraft in the process of heat transfer, which has the characteristics of efficient thermal insulation and high reflectivity, but the above mentioned coating materials have not been used extensively in the field of civil building due to their high cost [4] [5] [6] [7] . At present, most of the buildings containing inorganic panel have little or no thermal insulation performance [8] , and the research on the inorganic thermal insulation panel based on the mineral nanomaterials could improve the thermal insulation performance, which has been scarcely reported. Moreover, the application of natural mineral materials as raw materials will solve the serious environmental pollution caused by the process of organic materials.
Sepiolite as a kind of porous mineral material widely existing in nature has many nanometer level micropores and mesopores, which can play an active role as an additive for composite materials in many fields such as thermal insulation [9] [10] [11] [12] , and the sepiolite mineral materials have been applied in many fields [13] [14] [15] [16] [17] [18] . Sepiolite is a kind of mineral materials in the form of fiber assemblies, leading to the limitation of usage [19] [20] [21] [22] . Although the defibering 2 Journal of Nanomaterials treatment of sepiolite as a simple and cheap way to obtain mineral nanofibers is available for practical use, it has been less investigated except for a few exploratory researches involving the destruction of its fibrous micromorphology by ball milling and the use of expensive and sensitive agents [22] [23] [24] [25] [26] , which provides promising future for further research. In our previous research, sepiolite nanofibers have been prepared using dry method airflow defibering technique [21] .
The objective of this work is to develop high efficiency, low cost thermal insulation energy saving panel materials containing sepiolite nanofibers by means of the synergistic action of inorganic adhesive, curing agent, and hydrogen peroxide. And their process and performance are also investigated.
Experimental Section
The raw sepiolite samples as one of natural fibrillar minerals were supplied by LB Nanomaterials Technology Co., Ltd. The sodium silicate as inorganic adhesive, sodium fluosilicate as curing agent, and hydrogen peroxide were supplied by Kewei Chemical Group Co., Ltd. The compounding ingredients were purchased from chemical stores. 500.00 g of natural sepiolite samples was added into 3500 mL of water solution containing 175 mL of hydrochloric acid. After that, the mixture was stirred at speed of 2000 rpm for 2 h by high-speed dispersing machine, and then the sepiolite solid was separated from the admixture by vacuum filtering and washed several times with distilled water until chlorine ion was not tested with silver nitrate, and then the dried cake at 60 ∘ C was crushed and ground into powders using the 20-mesh sieves. Then the above acid purified sepiolite samples were superfined by jet mill grinding. The grinding room air pressure is controlled between 0.7 and 0.85 MPa, the bearing protection air pressure is 0.2 MPa, the wash air pressure is 0.15 MPa, and the feeding rate is 6 kg/h [21] . The thermal insulation energy saving panel materials containing sepiolite nanofibers were developed by means of the synergistic action of inorganic adhesive, curing agent, and hydrogen peroxide. 50.00 g of above sepiolite samples was added into 200 mL of water solution containing a given amount of sodium silicate as inorganic adhesive, and a given amount of sodium fluorosilicate as curing agent and hydrogen peroxide was added into the above mixture sequentially, and then the mixture was stirred at speed of 300 rpm for 1 h by highspeed dispersing machine; then the above mixture was dumped into mold, and the thermal insulation energy saving panel materials were obtained after drying for 24 h at a specified temperature. The microstructure of the samples was observed by scanning electron microscopy (Philips-XL30) at 25.0 kV and 30 A. The Fourier transform infrared spectrum (FTIR) was performed on a BRUKER-80V made in Germany using KBr discs. The thermal insulation effect was evaluated by thermal insulation effect testing device [27] , and the mechanical performance was measured following GB/T 5486.2-2001 using a universal tensile testing machine (CMT-6104). Figure 1 shows the variation of compressive strength values of panel materials containing sepiolite nanofibers after drying at different temperatures.
Results and Discussion
From Figure 1 , we can see that the panel materials containing sepiolite nanofibers after drying at different temperatures have different compressive strength values. Among them, the panel materials containing sepiolite nanofibers show the obvious decrease of compressive strength after drying when temperature is lower than 120 ∘ C, and the panel materials containing sepiolite nanofibers after drying at 120 ∘ C show the highest compressive strength value. When the temperature is higher than 120 ∘ C, the compressive strength starts to reduce. Moreover, Figure 2 shows the variation of bulk density values of panel materials containing sepiolite nanofibers after drying at different temperatures.
From Figure 2 , we can see that the panel materials containing sepiolite nanofibers after drying at different temperatures have the different bulk density values. Among them, the panel materials containing sepiolite nanofibers show the obvious decrease of bulk density after drying when temperature is lower than 120 ∘ C. When the temperature is higher than 120 ∘ C, the panel materials containing sepiolite nanofibers have almost consistent bulk density values. As shown in Figure 1 , the panel materials containing sepiolite nanofibers after drying at temperature of 120 ∘ C have the highest compressive strength value. Therefore, 120
∘ C is chosen as the optimal drying temperature value. The main reason for the above phenomenon lies in that many Si-OH bonds in the sodium silicate aqueous solution are water soluble, and the dehydration condensation reaction between the hydroxyl groups is difficult to carry out at too low temperature [28, 29] . When the temperature is too high, the panel materials as prepared are easy to crack due to the high water evaporation speed and sepiolite fibers agglomeration, thus leading to the decrease of compressive strength. Therefore, 120 ∘ C is chosen as the optimal drying temperature value. Figure 3 shows the variation of compressive strength values of panel materials containing sepiolite nanofibers after adding different amounts of sodium silicate as inorganic adhesive.
From Figure 3 , it can be seen that the panel materials containing sepiolite nanofibers after adding different amounts of sodium silicate as inorganic adhesive have different compressive strength values. Among them, the panel materials containing sepiolite nanofibers indicate the obvious increase of compressive strength after adding different amounts of sodium silicate when the addition amount of sodium silicate is less than 1.6%. When the addition amount of sodium silicate is more than 1.6%, the panel materials containing sepiolite nanofibers have almost consistent compressive strength values. Moreover, Figure 4 shows the variation of bulk density values of panel materials containing sepiolite nanofibers after adding different amounts of sodium silicate as inorganic adhesive.
From Figure 4 , it can be seen that the panel materials containing sepiolite nanofibers after adding different amounts of sodium silicate have different bulk density values. Among them, the panel materials containing sepiolite nanofibers show the slight increase of bulk density after adding different amounts of sodium silicate when the addition amount of sodium silicate is less than 1.6%. When the addition amount of sodium silicate is more than 1.6%, the panel materials containing sepiolite nanofibers show significant increase of bulk density values. The main reason for this phenomenon is that sodium silicate as inorganic adhesive could make the compressive strength of panel materials containing sepiolite nanofibers increase obviously when the sodium silicate addition amount is less than 1.6%; meanwhile the bulk density values of panel materials increase gradually. When the sodium fluorosilicate in sodium silicate addition amount is more than 1.6%, the panel materials containing sepiolite nanofibers have almost consistent compressive strength values due to the requirement of sepiolite nanofibers adhesion. At the same time, the bulk density increase tendency of panel materials becomes more obvious because of the existence of excessive sodium silicate. According to the above analysis, 1.6% is chosen as the optimal condition of addition amount of sodium silicate. Moreover, the Fourier transform infrared spectrum (FTIR) of different sepiolite samples before and after reaction with sodium silicate is shown in Figure 5 . From Figure 5 (a), it can be seen that FTIR spectrum of sepiolite samples before reaction with sodium silicate has many absorption peaks. The band at 3722 cm −1 is assigned to structural hydroxyls attached to silanol groups in sepiolite nanofiber, and the band at 3683 cm −1 is attributed to a hydroxyl on a magnesium ion located in the octahedral sheet. The band at 3570 cm −1 is assigned to bound water attached to magnesium ion located on the external channels of sepiolite. The 3420 and 1661 cm −1 bands are, respectively, assigned to the OH stretching and bending vibration, representing the zeolitic water in channels. From Figure 5(b, c) , the Si-OH stretching vibration (3722 cm −1 ) disappears in the IR spectrum of sepiolite samples after reaction with sodium silicate, indicating the dehydration condensation reaction between sodium silicate hydrolysis product and sepiolite nanofibers. The 3420 cm −1 band assigned to the OH stretching vibration of Mg 3 OH increases in intensity and shifts to 3413 cm −1 , which is mainly caused by the formation of the Si-O-Si bonds in the sodium silicate hydrolysis product and sepiolite nanofibers. Furthermore the most bands mentioned above are not significantly changed, which reflects the structural stability of the sepiolite nanofibers during the above mentioned procedure [30] [31] [32] . Figure 6 shows the variation of compressive strength values of panel materials containing sepiolite nanofibers after adding different amounts of sodium fluorosilicate.
From Figure 6 , it can be seen that the panel materials containing sepiolite nanofibers after adding different amounts of sodium fluorosilicate as curing agent have different compressive strength values. Among them, the panel materials containing sepiolite nanofibers show obvious increase of compressive strength after adding different amounts of sodium fluorosilicate when the addition amount of sodium fluorosilicate is less than 12% and it is up to maximum at 12% of addition amount of sodium fluorosilicate. When the addition amount of sodium fluorosilicate is more than 12%, the compressive strength values of panel materials start to decrease gradually. Moreover, Figure 7 shows the variation of bulk density values of panel materials containing sepiolite nanofibers after adding different amounts of sodium fluorosilicate as curing agent.
From Figure 7 , it can be seen that the panel materials containing sepiolite nanofibers after adding different amounts of sodium fluorosilicate have similar bulk density values. Among them, the panel materials containing sepiolite nanofibers show slight increase of bulk density after adding different amounts of sodium fluorosilicate. As shown in Figure 6 , the panel materials containing sepiolite nanofibers after adding 12% of sodium fluorosilicate in sodium silicate as curing agent in sodium silicate have the best compressive strength. The main reason for this phenomenon is that sodium fluorosilicate as curing agent could make the compressive strength of panel materials containing sepiolite nanofibers increase gradually when the sodium fluorosilicate in sodium silicate addition amount is less than 12%. When the sodium fluorosilicate addition amount is more than 12%, the compressive strength of panel materials containing sepiolite nanofibers starts to decrease due to the too fast curing progress. According to the above analysis, we decide to choose 12% as the optimal condition of addition amount of sodium fluorosilicate in sodium silicate. For the thermal insulation materials, the decrease of bulk density is helpful to improve the heat insulation properties of materials, under the prerequisite of maintaining a certain mechanical performance such as compressive strength of panel materials [33] [34] [35] . Consequently, the hydrogen peroxide is added to the above mixture, which can be easily decomposed into water and oxygen and play an important role in the decrease of bulk density. Figure 8 shows the variation of bulk density values of panel materials containing sepiolite nanofibers after adding different amounts of hydrogen peroxide. From Figure 8 , it can be seen that the panel materials containing sepiolite nanofibers after adding different amounts of hydrogen peroxide have different bulk density values. Among them, the panel materials containing sepiolite nanofibers show the obvious decrease of bulk density after adding different amounts of hydrogen peroxide when the addition amount of sodium silicate is less than 2.5%. When the addition amount of hydrogen peroxide is more than 2.5%, the bulk density of panel materials containing sepiolite nanofibers decreases slowly, which can be explained as follows. When the addition amount of sodium silicate is less than 2.5%, different contents of hydrogen peroxide enter structural unit of panel materials, which can decompose and release more and more oxygen rapidly in the heating process. Consequently, the bulk density of panel materials containing sepiolite nanofibers decreases significantly along with the increase of addition amount of hydrogen peroxide. When the addition amount of sodium silicate is more than 2.5%, contents of oxygen tend to be saturated and agglomerating action increases, therefore the bulk density of panel materials containing sepiolite nanofibers decreases slowly. At the same time, the compressive strength value of panel materials treated by 2.5% of hydrogen peroxide is 0.39 MPa, which meets the requirement of GB 4272-92 and JGJ144-2008. According to the above analysis, 2.5% is selected as the optimal condition of addition amount of hydrogen peroxide value in order to obtain the thermal insulation inorganic panel. Thus, the optimal process of heat insulation materials performance is shown as follows: 120 ∘ C of drying temperature, 1.6% of sodium silicate as inorganic adhesive, 12% of sodium fluorosilicate as curing agent in sodium silicate, and 2.5% of hydrogen peroxide. The thermal insulation effect of thermal insulation energy saving panel materials is shown in Figure 9 . From Figure 9 , it can be seen that the lower air temperature is much lower than the upper one, which indicates that the panel materials as prepared could arrest heat transmission effectively. Figure 10 shows the cross-section microstructure of thermal insulation energy saving panel materials. We can see from Figure 10 that the sepiolite nanofibers were well distributed and combined tightly with each other in the thermal insulation energy saving panel materials. The matching function of vacuum construction in the sepiolite nanofibers and void among sepiolite nanofibers could arrest heat conduction effectively.
Conclusions
The thermal insulation energy saving panel materials containing sepiolite nanofibers with characteristics of high efficiency and low cost were prepared by the synergistic action of water soluble sodium silicate as inorganic adhesive, sodium fluorosilicate as curing agent, and hydrogen peroxide. The results showed that the thermal insulation energy saving panel materials as prepared with microporous and mesoporous structure have high compressive strength and low bulk density. The optimal process of heat insulation materials performance was as follows: 120 ∘ C of drying temperature, 1.6% of sodium silicate as inorganic adhesive, 12% of sodium fluorosilicate as curing agent in sodium silicate, and 2.5% of hydrogen peroxide. Accordingly, the thermal insulation energy saving panel materials as prepared have good thermal insulation effect and high mechanical performance.
